ABSTRACT A simulation technique is described for the calculation of semiconductor electrode properties at steady state, e.g., at equilibrium in the dark or under constant illumination. Integration of the continuity equation with respect to distance at the steady state yields a relation between the light flux and free carriers, which can be used in a recursion relation to determine the free carrier concentrations and the electric field within the space charge region of the semiconductor electrode. The technique is used to calculate the Boltzmann distribution within the semiconductor electrode and to determine the photopotential in the absence of faradaic current and surface states.
In a previous paper in this series (1) we described a digital simulation method for semiconductor electrodes and the formation of the space charge region in a semiconductor electrode upon charge injection. The main motivation for these simulations has been the recent interest in semiconductor electrodes and their application to photoelectrochemical cells and devices (2) . One characteristic of interest is the change in surface potential of a semiconductor/electrolyte interface under illumination, the photopotential. Although theoretical treatments of the photopotential have been given (3, 4) , and its magnitude related to the semiconductor properties, surface potential, and light intensity, these treatments usually involve restrictive conditions, (e.g., total light absorption in the space charge region, minority carrier diffusion length much larger than the size of the space Charge region). We describe here the digital simulation of the steady-state photopotential which arises upon illumination of a semiconductor electrode previously brought to a given potential and now held at open circuit. Charge transfer reactions, e.g., open-circuit corrosion, are assumed not to occur during this illumination.
Physical Model
The general equation for the processes within a semiconductor electrode under illumination can be obtained by considering the creation of electron/hole pairs by light absorption, their mass transfer by diffusion and migration, and their recombination. Thus the change in concentration of holes, p, at a given location in the semiconductor is given (in one-dimensional form) by Op/Ot = Ojp(x)/Ox + Ioae -ax --R(x) [1] where Io is the intensity of light incident on the semiconductor/electrolyte interface (taken as x ----0), a is the coefficient of light absorption of the semiconductor, jp(X) is the total flux of holes at x, and R(x) the rate of electron/hole recombination. We are concerned here with the steady-state photopotential. Thus with Op/Ot ----0, integration of Eq. [2] where jp(0) is the flux of holes crossing the interface, or the hole contribution to the faradaic current density, ip. Thus
A similar expression can be written for electrons
where 3n (x) and in are the electron flux and the electron contribution to the faradaic current density, respectively. The light flux and electron flux are taken as positive going into the semiconductor from the solution and the hole flux is positive going out of the semiconductor to the solution. (A representation of the fluxes is shown in Fig. 1 .) Equations [3] and [4] hold at all x, both within and outside of the space charge region. The net current density at any x, 6, is given by E q. [5] 3p(X) + 3n(X) = (ip + in)/e = i [5] i.e., at steady state a current (which may be zero) flows through the semiconductor phase. Equations [3] and [4] are employed in a digital or finite difference form in the simulation. The procedure follows the usual digital simulation approach (5). The semiconductor region of interest is divided into space elements of width ~x which are assigned an index K, from K ----1 (surface element) to K ----KMAX (Fig. 1) . The carrier concentration within each element is assumed constant and represents the average value of PE and nK for holes and electrons, respectively, at that location. The electric field at the left boundary (the solution side) of element K, i.e., between it and element K --1, is denoted EK and the carrier concentration at this 
--k~, where k, is the recombination rate constant given by 1/rpn~ and k~ is the formation constant, given by kr~eqp eq (the superscript eq denotes the equilibrium concentrations in the n-type sere.conductor). The equation in the table results when n eq ~ ~t(x), boundary is taken as the average of that of the two adjacent elements [e.g., V2 (PK -5 PK--1)]-A comparison of the differential and finite difference notation used in the simulation for expressing fluxes and other quantities of interest is given in Table I .
Initial conditions. The Boltzmann distribution.--The distribution of the carriers and the electric field in the semiconductor biased to a known potential (thus containing a known excess charge) and at equilibrium in the dark serves as the initial state preceding calculation of the photopotential. This equilibrium distribution is of fundamental importance in understanding and predicting the electrochemical behavior of semiconductor electrodes and is assumed to be essentially obeyed even in nonequilibrium situations (4) (5) (6) . This distribution is usually obtained by using Fermi statistics for the occupancy of allowed energy states for which exp[(E-EF)/kT] <~ I and which physically means that at low occupancy, spin requirements may be relaxed. In addition, the Poisson equation must be solved using charge density terms which are based on the equilibrium distribution of carriers as functions of a coordinate which is not yet explicitly known (7) . In general, a closed-form explicit relation between the potential and its gradient cannot be obtained for a doped semiconductor (8) . At equilibrium in the dark, there is no faradaic current and no excess free carriers to give nonequilibrium recombination effects. Thus Eq. [3] and [4] yield jp(X) = in(x) ~-0 (for allx) [6] and at the boundary of each element, the migrational flux is compensated by the diffusional one for both electrons and holes. Equating these fluxes using the digital-form equations in Table I and rearranging, we obtain
Equations [7] and [8] are used as recursion relations in an iterative computation beginning with the second element (K ---7-2). For the first element (the semiconductor surface) the boundary conditions are (9) Pl ~-po exp (eVs/kT)
[9a]
where V~ is the applied surface potential governing the distribution. The U and D values in Eq. [7] and [8] are related to each other via the Einstein relation
at room temperature. A recursion relation for the electric field, E~:, which takes account of the semiconductor properties (dielectric constant, doping level) is obtained from Gauss' law
The boundary condition used with this relation is that in the bulk semiconductor (K -----KMAX), EK ----O. The simulation proceeds by using the applied potential in the boundary condition, Eq. [9] , and then calculating nK and PK (K ~ 1 to KMAX) assuming any arbitrary initial distribution (usually taken as a uniform one, i.e., a flatband condition). The EK values are then calculated, using Eq. [11] . Alternate calculations of nK, PK, and EK are continued until the three arrays are constant with respect to further iterations. The resulting values, besides satisfying Eq. [7] - [11] , also show the following features: (i) a numerical integration over the electric field from the bulk to the surface of the semiconductor yields the surface potential governing the distribution (which enters into the simulation only in assigning Pl and nl), thus demonstrating self-consistency in Vs; (it) the product pKnK is constant and equal to ni 2 (e.g., for Geni 2 w_ 6.25 >< 1016 cm -6 at room temperature) for all K. A problem arises in the selection of KMAX. If this value is too large, the simulation does not converge to a constant solution. Since the value of KMAX, representing the thickness of the space charge region, is not known in advance, an arbitrary value which will yield a solution is chosen and when a convergent solution is obtained, KMAX is increased. The calculation terminates with the highest value of KMAX which still gives a constant solution. Inspection of the result shows that only the very diffuse part of the space charge region, which contributes insignificantly (<1%) to the electrical state (fields, potentials) of the semiconductor cannot be displayed.
Note that in contrast to our previous simulation of space charge region formation in a semiconductor following charge injection which portrayed the time dependence of the fields and concentration profiles (1), the method employed here derives only the equilibrium properties at a given potential. The concept of time is omitted and the intermediate results have no physical meaning. Typical equilibrium concentration profiles of the mobile carriers in intrinsic and n-type Ge at several surface potentials obtained by the simulation are shown in Fig. 2-4. Figures 2 and 3 illustrate the final equilibrium situation under the same conditions as the relaxation results given previously (1) . A comparison of the surface potential and space charge layer thickness (or Debye length) for a highly doped semiconductor obtained by the approximate "depletion layer" treatment, which underlies the Schottky-Mott plot (10), and our calculation is given in Table II. Note that the approximation becomes less applicable at low potentials when the concentration of the existing carriers in the space charge region cannot be neglected. Other related properties of the space charge at equilibrium, e.g., surface conductivity and capacitance, can be calculated as well using the simulation results. The space charge region capacitance is obtained as the additive contribution of the individual space charge elements connected in series, each having a capacitance of CK = qK/EKax where qK is the charge in element K. The surface conductivity may be deduced by considering the elements as representing resistors connected in parallel, each with a conductivity of ehx(UnnK UppK) .
The photopotential ef]ect.--Assume the initially biased semiconductor (now at open circuit) is illuminated with a constant light intensity. We now calculate the open-circuit, steady-state photopotential using an iterative procedure similar to that just described. A treatment of the time-dependent relaxation of carrier concentration, field, and surface potential under closedcircuit conditions is treated in the next paper in this series (11) . The process at open circuit is a coulostatic one; charge in the semiconductor is conserved and the effect of light is simply to rearrange the concentration and field profiles within the semiconductor. (The same would hold true even when a faradaic current flows, if the number of holes crossing the interface is balanced by electrons extracted at the semiconductor ohmic contact or vice versa.) Consider an n-type semiconductor biased at a positive potential with respect to the soluion. Under illumination the photogenerated holes will accumulate at the semiconductor surface and the electrons will move to the space charge region/semicon- ductor bulk boundary. The dimensions of the space charge region will change to accommodate these shifts in carrier concentration. The total charge, and hence the surface field, will remain constant, so that the semiconductor space charge region can be compared to a capacitor with a given charge which undergoes a decrease in its width resulting in an increase in capacitance and thus a decrease in the voltage drop across it under illumination. The steady state is characterized by the value of Es, the surface field, known from the initial condition (Boltzmann distribution), and by the "minority injection level," here, the hole concentration immediately beyond the space charge region, which is directly proportional to illumination intensity. Analytical procedures exist for the rigorous determination of the injection level of minority carriers (here, holes) (12) . For Ge, one can assume the existence of a diffusion layer, Lp, through which excess holes diffuse into the bulk (where Lp _--~/DpTp). Lp is much wider than the space charge region thickness (L1) and if light is absorbed mainly in the space charge region, the expression obtained for the flux of holes at the space charge region/bulk boundary (x ~ Lz) is (3) jp(Ll) :Dp(0(Ap)/0x)z=Lz-~Dp(pLI--p~ [12] 
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From Eq. [3] this same flux is given by
S?
jp(L1) = --Io(1-e -a~) + R(x)dx [13] Equations [12] and [13] allow the assignment of an initial value to PL~ (assuming at first no recombination in the space charge region) which is modified during the simulation due to the recombination term, using the given values of Io, a, and the semiconductor properties (DpTp). The equivalent expression for the electrons is rill : n ~ "1-(PL1 --pO) [14:] because in this region electroneutrality essentially holds (13) . In more complicated cases, when Lp and L1 are comparable in magnitude, light is absorbed outside the space charge region as well and linearization of the diffusion layer is unjustified. In this case a simulation involving a futler treatment of the diffusion layer can be undertaken to find the injection level.
PL1 and riLl serve as boundary conditions for the recursion formula between the elements, this time taken from the space charge region/semiconductor bulk boundary to the surface which at the steady state, according to Eq. [3] and [4] and Table I , is given by
[17]
The electric fields are calculated with Eq. [11] , this time proceeding from the surface to the bulk because the surface field is known. Thus, starting with the semiconductor in the dark at a surface potential Vs, the condition under illumination is simulated by repetitively using Eq. [12] - [17] until three new constant arrays (holes, electrons, and electric field) are obtained. A numerical integration over the fields yields a new surface potential, Vs', where the photopotential, AV, is Vs --Ys'.
Results
The simulated distribution of carriers with and without illumination is shown in Fig. 5; Fig. 6 compares the electric fields under these conditions. The dependence of the photopotential on the equilibrium surface potential which exists before illumination obtained by the simulation compared to the calculation method of Johnson (4) is given in Fig. 7 and the relation between the photopotential and the illumination intensity obtained by these two methods is shown in Fig. 8 . Johnson's method of obtaining the photopotential usually uses the assumption that the Bo]tzmann distribution and the same analytical expression relating the potential and the field for the semiconductor holds both in the dark and as well as in the light (3, 4) . This assumption was checked by the digital simulation and indeed we find that Eq. port within the semiconductor phase. Thus only a very slight imbalance between the diffusional and the migrational fluxes (compared to their absolute magnitude) has to exist to provide the nonequilibrium flux which corresponds to moderate illumination. Hence, in practice, even under illumination, the carriers and electrical field will be distributed in such a way that uiniEi ~ Di(ani/ax), which leads to the same functional relation as in the dark. ABSTRACT A digital simulation of the photoprocess at a semiconductor electrode is described. The simulation model accounts for photogeneration, recombination, and transport of excess free carriers within the semiconductor phase. The origin of the photopotential in the absence of faradaic current is elucidated. Quantitative current efficiency-potential curves for the photocurrents under a variety of conditions are calculated for n-type TiO2 and these are compared to experimental results.
In previous papers in this series we have introduced the use of digital simulation methods for the treatment of semiconductor electrodes. In Ref.
(1) the relaxation of free carriers following charge injection, with and without surface states, was described. In Ref. (2) time elapses before the photoeffects are observed. During this time a redistribution of free carriers and charges in the electric field in the space charge region occurs. [When the semiconductor electrode/solution interface is blocked to charge transfer, the new distribution of free carriers in the space charge region under illumination will cause a change in the potential of the electrode (the photopotential effect).] Frequently, illumination of the electrode is accompanied by charge transfer to solution species and this gives rise to a photocurrent. For example, irradiation of n-type TiO2 with light of energy larger than the bandgap energy will result in the oxidation of water (3, 4) , while
